Understanding the interaction of the hydroxyapatite (HAp) surface with hydroxyl originating from either the alkalescent physiological environment or HAp itself is crucial for the development of HAp-based biomaterials. Periodical density functional theory calculations were carried out in this study to explore the interaction of the HAp (100), (010) and (001) facets with hydroxyl. Based on a comparison study of Ca-rich, PO 4 -rich and Ca-PO 4 -OH mixed surfaces, the interaction pattern, interaction energy and effect of an additional water molecule on the Ca-OH interaction were comprehensively studied. The formation of CaOH on the Ca-rich surface was energetically favored on (100) and (001), while Ca(OH) 2 was energetically favored on (010). The Ca-water interaction was competitive, but had lower interaction energy than Ca-OH. Furthermore, Ca-O bonding and its influence on the OH stretching vibration were analyzed. Our calculations suggest that the hydroxyl-coated surface structure is more appropriate than the commonly used Ca-terminated surface model for studying HAp surface activity in its service environments.
Introduction
Biomaterials such as hydroxyapatite (HAp) are used in biomedical devices that are implanted in vivo to substitute diseased or damaged organs and tissues.
1,2 HAp has found wide applications in reconstructive surgery, drug carriers, and bone regeneration due to its specic biological activity such as biofunctionability, biocompatibility, and chemical stability.
3-5
Therefore, a thorough understanding of the surface structure of HAp is crucial for the design and development of novel biocompatible HAp-based materials. The surface-dependent protein adsorption, cellular adhesion and biomineralization of HAp have great impact on the bone growth and repair processes. 6, 7 Thus, many studies [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] have been devoted to the HAp surface structure including its morphology, surface energy, charge, crystallinity and stoichiometry. Using nuclear magnetic resonance NMR spectroscopy, Jager et al. 13 and Osman et al.
14 explored the surface structure of HAp nanocrystals and found that neither composition nor structure in the surface layer is same as that in the bulk crystal. Lu et al. 15 observed different Ca/ P ratios in the HAp surface from that in crystal using X-ray photoelectron spectroscopy (XPS) and time-of-ight secondary ion mass spectrometry (TOF-SIMS). Ospina et al., 16 Sato et al.
17
and Rivas et al. 18 investigated the structure of the HAp (010) and (100) surfaces via X-ray diffraction (XRD), XPS and Fourier transform infrared (FTIR) spectroscopy, and addressed their strong interaction with biological media. A number of computer simulations [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] have been conducted to investigate the HAp surface structure and its interaction with various biomolecules using stoichiometric or nonstoichiometric HAp as a model surface in the rst-principles or force-elds level. Slepko et al. 22 identied the low energy surface orientations and stoichiometry under diverse chemical environments using a slab model. Almora et al., 23 Filgueiras et al. 24 and Rimola et al. 25 studied the interaction of the HAp surface with citric, glycine, lysine, and proline, and demonstrated that the HAp surface substantially affects the interaction patterns, amino acid conformation, and interaction strength. Molecular dynamics simulations [26] [27] [28] [29] [30] with various force eld parameters indicated that surface Ca 2+ and PO 4 3À ions serve as effective adsorption sites binding with adsorbates, and the adsorption is facilitated by the ionic nature of the HAp surface. In most calculations, a Ca-exposed surface was used as the HAp model to explore its interaction with biomolecules. Evidently, studies on the HAp surface-adsorbate interaction shed light not only on its adsorption behaviors, but also on the details of the HAp surface structure. Various studies have been devoted to the interaction of the HAp surface with hydroxyl originating from either HAp itself or the environment. The chemical adsorption of water molecules on the HAp surface generates and leaves hydroxyl ions on its surface. 7, 27, 31, 32 The existence of hydroxyl groups on the HAP surface signicantly alters its activity. Hokkanen et al.
characterized the electrostatic attraction between surface hydroxyl groups and other adsorbates. Chen et al. 34 studied the adsorption mechanism of sulfate-doped hydroxyapatite and found that the hydroxyl groups on the surface cooperatively enhanced uoride removal. The hydroxyl-terminated (010) surface was found 7 to be stable and inactive for water decomposition. The treatment of NaOH or KOH on natural bone whose main component is HAp led to the growth of HAp crystallites 35 and a shape variation from B-type to A-type. The enrichment of hydroxyl on the HAp surface signicantly promoted collagen self-assembly, brous network formation and cell adhesion. 36 The coating of hydroxyl groups on the HAp surface provides an effective way to functionalize the HAp surface since many other species may link directly with the hydroxyls.
37,38
Since HAp-based biomaterials are usually applied in alkalescent physiological environment, 39, 40 hydroxyl groups play an important role in the determination of HAp surface activity; however, knowledge on the surface-hydroxyl interaction is still scarce. Calcium or phosphate-terminated exposed surfaces sliced from the HAp crystal are oen used to represent the surface structure of HAp. However, this surface model is not supported by some experimental and computational results. Kolmas et al. 41 identied structural hydroxyl groups and surface P-OH groups with near-infrared spectroscopy. Osman et al. 14 and Bertinetti et al. 42 found no Ca(OH) 2 formation on the HAp surface with a developed NMR strategy. Wang et al. 43 predicted at the force-eld level the formation of CaOH and POH on the HAp surface, which exert considerable inuence on the adsorption energy of proteins. In our previous studies, 26, 43 we noted via an annealed MD simulation that hydroxyl groups have a tendency to cap exposed surface calcium ions. In this study, we conduct a rst-principles study on the HAp surface-hydroxyl interaction. As revealed below, a strong Ca-OH interaction is noted. The surface reorganization caused by CaOH or Ca(OH) 2 formation is energetically favorable on the surface, but the formed species are different and dependent on the facet. Moreover, water molecules are competitive with hydroxyl and weaken to some extent the Ca-OH interaction. Based on our calculations, a hydroxyl-coated surface structure is suggested to replace the commonly used Ca-terminated surface model for HAp in its service environment.
Computational method
HAp has two phases, hexagonal and monoclinic, in crystal. These two phases exhibit parallel behaviors in many cases and the former is oen selected in many studies. 44 Fig . 1A displays the crystal structure of hexagonal HAp, where 44 atoms are in a unit cell. The crystal contains tetrahedral phosphate groups, hydroxyl groups, and calcium ions. There are two types of Ca ions, which are denoted as Ca(I) and Ca(II), in the cell. Ca(I) is arranged in single atomic columns parallel to the c axis and is surrounded by phosphate tetrahedra, whereas the Ca(II) ions form a hexagonal column, at the center of which are the hydroxyl groups.
The (100), (010) and (001) facets were constructed by slicing the crystal structure. For each facet, three slab models with different exposed atoms were constructed. Thus, nine surface models in total were studied for HAp in this work. The chemical components were kept stoichiometric in all the slab models. A 1 Â 2 Â 1 supercell was chosen in the relaxation for the lattice constants, and the surface was modeled with 1 Â 2 Â 1 supercells separated with 15 A thick vacuum layers, as depicted in Fig. 1B . The vacuum layers were stacked along the direction perpendicular to the slab. In the calculations for the HAp surfaces, atoms in the bottom unit were xed to mimic the real inner crystalline HAp, while all the atoms in the upper unit were allowed to relax. Since both calcium and phosphate ions are highly charged, they might form a strong articial dipolar electric eld in the slab model. Thus, a dipolar correction 45 along the normal direction of the slabs was introduced to remove the polarization effect caused by the slab and its periodic images.
Three Ca-rich surfaces, one for each facet, among the nine surface models were selected to explore their interaction with hydroxyl and water. Two Ca ions were exposed for all three surfaces. Although the hydroxyl may attack several sites on the surface, we found it always prefers the Ca ions, which has also been addressed in other studies. 26, 43 The hydroxyl groups have several interaction patterns with the surface Ca ions. As shown in Fig. 2 , three types of hydroxyl-Ca interaction patterns on the (001) surface were designed. In the rst pattern (F7A), one hydroxyl binds to one Ca ion on the surface. In the second (F7B), two hydroxyls bind to two different Ca ions, while in the last (F7C) two hydroxyls bind to one Ca ion. Additionally, to examine the effect of water on the hydroxyl-Ca interaction, one water molecule was added to the model, as shown in Fig. 3 , in which three patterns, W7, W7A and W7B are presented. Similar patterns were designed for the hydroxyl and water adsorption on the (010) and (100) facets, which are presented in Fig. S1 and S2 in the ESI. † In the systems with hydroxyl groups, protons were introduced to balance the system. To avoid their inuence on hydroxyl adsorption, the protons were added to the phosphate groups at the lower surface.
All calculations were carried out with the density functional theory (DFT) method in the Vienna ab initio simulation package (VASP) code. 46 The generalized gradients approximation (GGA) of the Perdew-Wang 1991 (PW91) functional was employed with the projection augmented wave (PAW) type of pseudopotential. 47 The energy cut-off was set to 550 eV in all calculations. A 2 Â 2 Â 2 Monkhorst-Pack k-point mesh was applied to the Brillouin zone sampling of the HAp single cell, while a 2 Â 2 Â 1 mesh was chosen for the slab models. The atomic congurations were relaxed with the conjugate-gradient (CG) approach. 48 The force convergence was set to be 0.001 eV A À1 for successive structures. Furthermore, harmonic vibrational frequency calculations were performed to ensure that the relaxed structures were local minima on the potential energy surface.
Results and discussion
The optimized lattice constants of the HAp crystal were given in Table 1 , together with the results of some other computational and experimental studies. 23, [49] [50] [51] The deviations are less than 0.05 A for a, b and c, compared to the measurement, and our calculations agree well with other computations. 23, 50, 51 Generally, the hydroxyl and phosphate groups retain their orientations as in the measurement. The O-H and P-O bond lengths are 0.978 A and 1.535 A, which match well with the measurement (0.971 A and 1.540 A), respectively.
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The nine constructed HAp surfaces (SF1-9) were optimized and presented in Fig. S3 . † For the (100) facet, SF1, SF2 and SF3 are terminated with Ca-rich, PO 4 -rich and Ca-PO 4 -OH surfaces, respectively. Ca-PO 4 -OH denotes the situation where Ca, PO 4 3À and OH are all on the surface. Similar surface characteristics are observed for SF4, SF5 and SF6 on the (010) facet, and SF7, SF8 and SF9 on the (001) facet. The stability of a surface is usually measured according to its surface energy, which corresponds to the energy required to cleave the bulk crystal and to expose its surface. Surface energy was evaluated computationally as follows:
where, E slab and E bulk are the total energies of the slab model and the unit cell, respectively. A is the surface area and the factor 2 is ascribed to the upper and lower surfaces which have the same surface area. n stands for the number of HAp crystal units in the slab model. The calculated surface energies of the nine surface structures are shown in Table 2 . Leeuw et al., 53 Filgueiras et al. 24 and Slepko et al. 22 computed the surface energy for various facets of HAp, which are also listed in Table 2 . Notably, the computed surface energies vary in a wide range. The differences may originate from different facets and exposed species, as well as computational approaches. Our calculations are relatively close to their computations for specic surface structures. The surface energy depends on not only the crystal facet, but also the surface species. For (100) and (001), the Ca-PO 4 -OH surface is the most stable, followed by the PO 4 -rich and Ca-rich surfaces. The same order was reported by Slepko et al. 22 for the HAp (100) and (001) surfaces. For (010), the PO 4 -rich surface is the most stable, followed by the Ca-PO 4 -OH and Ca-rich surfaces. Astala et al. 50 also found that the Ca-rich (010) surface is more active than the PO 4 -rich surface. Therefore, surfaces with different species may have different stability, and also the same species on different facets. The Ca-rich surfaces generally have high activity toward other molecules with nucleophilic activity, such as hydroxyl and water. Therefore, we therefore focused on the interaction of hydroxyl groups on the Ca-rich surface (SF1, SF4 and SF7) in the subsequent calculations.
The interaction of hydroxyl with the HAp surface was analyzed in terms of interaction pattern and interaction energy. All three patterns, which are denoted as A, B and C, for each facet were relaxed and their interaction energy evaluated as:
where, E slab is the energy of the HAp surface slab model, E ads is the energy of the isolated adsorbate, and E sys is the energy of the complete system containing the HAp slab and the adsorbate. A negative interaction energy indicates a thermodynamically favorable adsorption process. The computed E int values are given in Table 3 , where F1A, F4A and F7A correspond to pattern A on the (100), (010) and (001) Ca-rich facets, respectively. Similar notations are applied to patterns B and C. The E int of hydroxyl on HAp varies with the facet and pattern. First, the coating of hydroxyl on the exposed surface calcium ion makes the surface structure more stable. All the E int values are negative and large in magnitude, which indicate a strong interaction between the negatively charged hydroxyl and positively charged surface calcium ion. The Ca-OH distances range between 2.12 and 2.38 A with the characteristic of an ionic bond. Second, for all the three patterns, hydroxyl adsorption is the strongest interaction with the (010) facet, followed by the (001) and (100) facets, which indicates that the three Ca-rich facets have different interaction strengths with hydroxyl. Although all three facets are Ca-rich, the Ca ions have different environments. On (100), the two Ca ions sit above four O atoms of surrounding phosphates. On (010) and (001), the two Ca ions sit above three O atoms of surrounding phosphates. Moreover, the Ca-O distances are quite different on the three facets. As a result, the Ca ions have different averaged amounts of net charge, 0.51e on (100), 0.99e on (010) and 0.79e on (001), resulting in different interaction strengths on the three facets. Third, the successive adsorption of hydroxyl lowers further the total energy. From pattern A to pattern B or C, E int increases for all three facets, which is about 0.57-1.3 eV. Taking the (001) facet as an example, in pattern B, the second hydroxyl binds with the second Ca ion, leading to a Ca-OH distance of 2.23 A, while the rst Ca-OH distances varies by about 0.02 A. In pattern C, the second hydroxyl binds with the same Ca ion. The two Ca-OH bonds have similar bond-lengths of 2.25 and 2.26 A, respectively, which are lengthened by 0.03 A compared to the case of only one hydroxyl. Therefore, the second hydroxyl forms a strong bond with the Ca ion and enhances the hydroxyl-HAp interaction. Finally, patterns B and C are close in E int magnitude. The differences are 0.06, 0.18 and 0.20 eV for the (100), (010) and (001) facets, respectively, which indicate that these two patterns may coexist under certain conditions. Elliot et al.
55
suggested the formation of Ca(OH) 2 -like species on the HAp surface, whereas Osman et al. 14, 42, 43, 56 found no Ca(OH) 2 but Ca(OH) formation. Our calculations suggest that the formation of both CaOH and Ca(OH) 2 on the HAp surface is possible. See Fig. 2, 3 , S1 and S2 for the patterns. b Number of exposed Ca ions binding with hydroxyl.
c Number of hydroxyls binding with exposed Ca ion.
The interaction of hydroxyl on the dry HAp surface was analyzed above. In most of its applications, HAp exists in an environment with water. Thus, we used a simple explicit model in which one water molecule was added on the surface to explore the effect of water on the hydroxyl-HAp interaction. The hydroxyl-HAp interaction did not show notable changes when the water molecule is far from hydroxyl. Thus, we focused on the model in which the water molecule binds directly with hydroxyl or its bonded Ca ion. In absence of hydroxyl, the water molecule adsorbs onto the surface by its O atom attacking the exposed Ca ion, as displayed in Fig. 3 (7W) , S1 (1W) and S2 (4W). † The Ca-O distances are about 2.30 A. Meanwhile, one or two H atoms form hydrogen bonds with the O atoms of a nearby phosphate. The hydrogen bonds are 1.50-2.10 A in length. The interaction energies of the water molecule with the facets are given in Table 4 . The (010) facet has the greatest E int with the water molecule, while (100) has the smallest value, which corresponds well with the order of their surface energies. Our nding is in agreement with many other studies. 7, 50, 54, 57 The E int values are 0.78-1.07 eV for the three facets, which are about 0.50 eV less than that of hydroxyl. It is understandable that the negatively charged hydroxyl has stronger interaction with the positively charged Ca ion than the neutral water molecule. Fig. 2, 3 , S1 and S2 † show the optimized structures of the hydroxyl-HAp-water systems. The water molecule has two options on the surface, interacting with the Ca ion with or without a hydroxyl, which are denoted as A and B, respectively. In both cases, the co-addition of hydroxyl and one water molecule lowers the total energy and leads to a lower surface energy. The (010) facet has the greatest E int , followed by (001) and (100), which is the same order as that of hydroxyl on the dry HAp surface. In the rst case, the water molecule competes with hydroxyl. On (010), the Ca-OH distance changes from 2.12 A to 2.20 A aer the addition of water. Meanwhile, the water molecule forms a hydrogen bond with the surface phosphate. The addition of a water molecule to some extent weakens the interaction between hydroxyl and surface Ca ion. Table 4 lists the interaction energies of the hydroxyl-HAp-water systems. On (010), the E int of hydroxyl decreases from 1.48 eV to 1.17 eV. In the second case, water and hydroxyl are on different Ca ions. The water molecule almost retains its conformer in the absence of hydroxyl. The changes in the Ca-OH and Ca-OH 2 distances are less than 0.1 A, and the corresponding E int of hydroxyl has a very small decrease of 0.22 eV. Therefore, the hydroxyl and water molecule may co-adsorb on the HAp surface, and have the option to locate at the Ca ion without a water molecule.
It has been found experimentally 58, 59 that HAp grows predominantly along the (001) direction, which means that (001) facet is unstable and has stronger interaction with adsorbates. However, in our work, hydroxyl and water molecules have weaker interaction with Ca ions on the (001) facet than on the (010) facet. It should be mentioned that the computed interaction energies reveal only the nucleophilic activity of surface Ca ions. The activity of other surface species such as phosphates is not considered. The computed interaction energy is therefore not an indicator of the preferred growth direction of HAp.
The interaction between hydroxyl and the Ca-rich HAp surface was further studied by computing the stretching vibrational frequencies of the Ca-O and O-H bonds. Table 5 lists the wavenumbers of the Ca-O and O-H bonds on the dry and hydrated (100), (010) and (001) facets. Although some studies 56, 57, 60, 61 have characterized the O-H vibrational frequency, the motion of the Ca-O bond has been seldom studied. The strong adsorption of hydroxyl and water and adsorption on the Ca-rich facets generates stretching vibrational motions for the Ca-O bonds with frequencies in the range of 360-450 cm À1 for Ca-OH 2 and 380-550 cm À1 for Ca-OH. In general, the stretching vibrations of Ca-OH 2 lie at lower frequencies than that of Ca-OH in the same surface structure, which corresponds well with the stronger interaction between HAp and hydroxyl. Moreover, for the same pattern, the formed Ca-O bonds on the (010) facet stretch at higher frequencies than that on (100) and (001). The frequencies for the F4 and W4 series are always higher than that of the F1, W1, F7 and W1 series, which is consistent with their interaction energy orders. On the same facet, the interaction pattern also has an effect on the vibrational frequency. The mono-adsorbed Ca-OH bonds in F1A, F4A and F7A have higher frequencies than the di-adsorbed Ca-OH bonds in the other patterns. Upon the water addition, the Ca-OH bonds exhibit red shis of 3-35 cm
À1
. It is clear from the stretching frequencies and their changes that the surface Ca ions have strong interaction with hydroxyl, which is stronger than that between Ca-water, but slightly weakened on the hydrated surface.
The 60 The band at 3572 cm À1 was assigned to both column and surface hydroxyl 56, 60, 61 when the measurement for surface hydroxyl was carried out upon CO 2 adsorption on the HAp surface. Thus, the adsorbed CO 2 made the band shi to a low wavenumber.
Conclusion
Density functional theory calculations with the PW91 functional and PAW pseudopotential were performed to study the bulk and surface structures of HAp, as well as their interaction with hydroxyl groups and water molecules. Our computed lattice parameters and surface structures of pure HAp agree well with previous computational and experimental studies. The interaction patterns of Ca-rich surfaces on the (100), (010) and (001) facets with one or two hydroxyl groups were constructed and optimized using a slab model. Strong bonding between the surface Ca ion and hydroxyl was noted. The interaction energies vary with the interaction pattern and facet. The (010) facet has the greatest interaction energy, followed by (001) and (100), which results from the different arrangements of Ca ions on the facets. Although the formation of CaOH or Ca(OH) 2 is controversial in the literature, we found that both are energetically favorable on the HAp surface. The former is more favorable on the (001) and (100) facets, and the latter is more favorable on the (010) facet. The addition of a water molecule tends to weaken the Ca-OH interaction, but its interaction strength is weaker than that of Ca-OH. The interaction energy of Ca-OH is also dependent on the interaction pattern and facet. Calculations on the stretching vibration of surface Ca-O and O-H conrmed the bonding between the surface Ca ion and hydroxyl. Our calculations reveal a strong Ca-OH interaction on the Ca-rich HAp surface. Since HAp-based biomaterials are usually used in alkalescent physiological environment, the hydroxyl-coated surface structure is more appropriate than the Ca-terminated surface model for studying the surface activity of HAp toward biomolecules.
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